We investigate the X-ray properties of the Parkes sample of flat-spectrum radio sources using data from the ROSAT All-Sky Survey and archival pointed PSPC observations. In total, 163 of the 323 sources are detected. For the remaining 160 sources 2σ upper limits to the X-ray flux are derived. We present power-law photon indices in the 0.1-2.4 keV energy band for 115 sources, which were either determined with a hardness ratio technique or from direct fits to pointed PSPC data if a sufficient number of photons is available. The average photon index is Γ = 1.95
INTRODUCTION
Between August 1990 and February 1991 ROSAT (Trümper 1982) performed a survey of the whole sky in the soft X-ray band between 0.1-2.4 keV (Voges 1992) with the Position Sensitive Proportional Counter (PSPC; Pfeffermann et al. 1987) . This survey yielded about 60 000 X-ray sources with integrated fluxes greater than a few times 10 −13 erg cm −2 s −1 . One of the outstanding achievements of this survey is that it offers the possibility to investigate the X-ray properties of large samples of astrophysical objects in an unbiased way.
Many well-defined samples of Active Galactic Nuclei (AGN), selected from different wavebands, have meanwhile been studied in the X-ray regime. Among others, the Large Bright Quasar Sample (LBQS; Green et al. 1995) , the Molonglo quasar sample (Baker & Hunstead 1995) , the 3CRR catalog (Prieto 1996) and the Wall & Peacock 2-Jy sample . In addition, the ROSAT All-Sky Survey (RASS) has been correlated with large radio catalogs like the Molonglo Reference Catalog (Large et al. 1981; Brinkmann, Siebert & Boller 1994 ) and the Green Bank 5-GHz survey (Condon, Broderick & Seielstad 1989; Brinkmann et al. 1995 Brinkmann et al. , 1997b as well as the Véron quasar catalog (Véron-Cetty & Véron 1993; Brinkmann, Yuan & Siebert 1997a; Yuan, Brinkmann & Siebert 1998) . For the first time it is possible to compare the X-ray properties of large samples of AGN selected at different wavelengths. These studies make an important contribution to our understanding of the phenomenological differences between the various types of AGN and the underlying physical processes.
In this paper we investigate the X-ray properties of the Parkes sample of flat-spectrum radio sources (Drinkwater et al. 1997) . The choice of this sample was particularly motivated by the recent discovery of a large number of sources with extremely red optical to infrared continua in this sample (Webster et al. 1995) . It was suggested that this reddening is due to dust in the line-of-sight and it therefore seemed natural to look for the imprints of this material on the soft X-ray emission by absorption at very low energies.
Moreover, it is interesting to compare the X-ray properties of flat-spectrum quasars with those of steep-spectrum quasars, like, for example, the Molonglo quasar sample (Baker & Hunstead 1995) or the steep-spectrum quasars of Brinkmann et al. (1997a) . Since orientation based unification schemes for radio-loud quasars predict that both classes belong to the same parent population, but with different orientations to the line-of-sight, it is important to see how the X-ray properties fit into this scenario.
The outline of the paper is as follows. In Section 2 we introduce the Parkes catalog of flat-spectrum radio sources and describe the analysis of the X-ray data from the RASS and pointed PSPC observations in Section 3. Section 4 deals with the results of our analysis in terms of detection rates, variability, X-ray spectra, and luminosity correlations. In Section 5 we focus on the X-ray evidence for dust reddened quasars. A discussion of our results and the conclusions are presented in Section 6 and 7, respectively.
THE CATALOG
The original Parkes catalog contains about 10 000 radio sources and was the result of a survey of the southern sky with the Parkes radio telescope at 2.7 GHz between 1968 and 1979 (Bolton, Savage & Wright 1979; Wright & Otrupcek 1990) . To compile a large and unbiased sample of radioselected quasars, sources were selected from the original survey papers according to the following criteria (Drinkwater et al. 1997 ): S2.7 GHz > 0.5 Jy, radio spectral index α 5 2.7 > −0.5 (where Sν ∝ ν α ), Galactic latitude |b| > 20
• , −45
• < δ1950.0 < +10 • , 2.7 GHz (S2.7 GHz) and 5 GHz flux density (S5 GHz) available in the papers.
By selecting flat-spectrum radio sources the resulting sample is biased towards core-dominated quasars, because radio galaxies and lobe-dominated quasars generally have steeper radio spectra. The final complete list contains 323 sources. Special care has been taken in the optical identification of the objects and in the determination of their redshifts. Using optical databases and new observations, 321 sources could be identified and for 277 of them redshifts are available. Drinkwater et al. (1997) used digitized optical plates to automatically classify the morphologies as 237 'stellar' (unresolved), 35 'galaxy' (resolved), 11 'merged' (two or more images too close together on the optical plate to be separated) and 38 'faint' sources (too faint to classify). They used CCD images to deconvolve and identify the 11 'merged' objects. All of these were 'stellar' except PKS 1555−140 which was a 'galaxy'. For the purposes of this paper we define an additional category of 14 'BL Lac objects' being the 12 'stellar', one 'galaxy' and one 'merged' objects that are bona fide BL Lac objects according to Padovani & Giommi (1995) ⋆ . These objects will be handled separately in the following subsections. We divide the remaining sources as follows: 234 stellar sources ('quasars'), 35 'galaxies' and 38 'faint' sources. Note that the quasar/galaxy distinction is only based on morphology so that a quasar with an associated nebulosity like PKS 0445+097 is classified as a 'galaxy'. For a discussion of the completeness of the sample and a detailed presentation of the radio and optical data see Drinkwater et al. (1997) .
3 DATA ANALYSIS
ROSAT All-Sky Survey data
For each of the sample sources a 1 • ×1
• field centered on the radio position was extracted from the ROSAT All-Sky Survey and analysed using a procedure based on standard routines within the EXSAS environment (Zimmermann et al. 1994) . This procedure uses a maximum-likelihood source detection algorithm which returns the likelihood of existence for a X-ray source at the specified radio position, the number of source photons within 5 times the FWHM of the PSPC's point spread function and the error in the number of source photons. For the ROSAT All-Sky Survey the FWHM of the PSPC point spread function is estimated to be ∼ 60 arcsec (Zimmermann et al. 1994) .
The choice of the background has a significant influence on the results of the source detection procedure, in particular for weak sources. We estimated the local background by taking the average of two source free boxes, each 10 arcmin by 10 arcmin in size, which are offset by 15 arcmin from the radio position along the scanning direction of the satellite during the All-Sky Survey observations. In this way it is ensured that the background regions have an exposure similar to the source region.
Since it is known that an AGN is present at the position of the radio source, we considered a radio source to be detected in X-rays if the likelihood of existence is greater than 5.91, which corresponds to 3σ. If no X-ray source is detected above the specified significance level, we determined the 2σ upper limit on the number of X-ray photons. To calculate the corresponding count rates we used the vignetting-corrected RASS exposure averaged over a circle with radius 5 arcmin centered on the radio position.
The unabsorbed fluxes are calculated using the standard Energy to Counts Conversion Factors (ECF) assuming a simple power-law model modified by Galactic absorption. We used the photon indices Γ † listed in Tables 1 and 2 , if the uncertainty is smaller than 0.5. For the other sources we applied Γ = 2.0 for quasars and Γ = 1.7 for galaxies. These values represent the average spectral indices of the respective object classes derived in Section 4.4.
Pointed ROSAT observations
In addition to the RASS data we searched the ROSAT source catalog (ROSAT-SRC; Voges et al. 1994) , which was generated from pointed PSPC observations. We found 49 sources which were in the field of view of an observation either as the main target or serendipitously. Of these, 12 were detected in the pointed observation only. Fluxes and luminosities were calculated based on the count rates from the catalog and assuming the same spectral parameters as for the RASS data. In the analysis we used the fluxes from the pointed observations only when no Survey detection is available.
Spectral analysis
In general, simple power-law models for the X-ray spectra modified by neutral gas absorption were considered in the analysis. The amount of absorption is parametrized by the column density of neutral hydrogen in the line of sight to the source (the NH value), assuming standard element abundances and the energy dependent absorption cross sections of Morrison & McCammon (1983) . The Galactic NH values are determined from radio measurements (Dickey & Lockman 1990) . For each source two photon indices were determined, one by fixing the absorption to the Galactic value, the other one by leaving the amount of absorption as a free parameter.
For weak sources (mostly from the All-Sky Survey) a technique based on hardness ratios was applied to estimate the spectral parameters. The two standard ROSAT hardness ratios are defined as HR1 = (B − A)/(B + A) and HR2 = (D −C)/(D +C), where A, B, C and D are the number of photons in the pulse height channel intervals 11-41, 52-201, 52-90 and 91-201, respectively . Every combination of photon index Γ and absorption NH leads to unique values for the two hardness ratios when folded with the instrument response. The inversion of this procedure then allows to determine the spectral parameters from the measured hardness ratios. However, this method only gives a rough estimate of the spectral parameters, in particular for the two parameter fits. A detailed discussion of the method is presented in Schartel (1996) . In total we obtained spectral information for 104 sources in this way.
Whenever a pointed PSPC observation was available for a source from the public archive and if a sufficient number of source photons ( > ∼ 50) was accumulated in this pointing, we determined the spectral parameters by explicitly fitting a power-law model to the data. X-ray spectra of 42 sources were determined in this way with increased accuracy. The results are presented in Table 2 . A few sources were observed more than once with the PSPC (e.g. 3C 279). In these cases † Γ is the power-law slope of the X-ray photon spectrum defined as N(E)∝E −Γ . It is connected to the energy index via α = Γ − 1. Comparison of the photon indices derived from the hardness ratios with those from spectral fits to pointed observations for the 30 objects, where both, RASS and pointed data, were available. Only the fits for fixed galactic N H are shown.
the observation with the longest exposure was chosen for the spectral analysis. If the number of photons was too low for spectral fitting we again used the hardness ratios (this time derived from the pointed observation) to determine the spectral parameters.
In total, spectral information could be obtained for 115 sources of the sample. The X-ray spectra are discussed in Section 4.4.
For 30 sources we have spectral information from both the RASS and pointed observations. In order to validate the hardness ratio method we compare in Fig. 1 the photon indices derived from the hardness ratios with those determined from spectral fits. In general, the two independently derived photon indices agree very well. For all sources the results agree within their respective 2 σ errors.
The Tables
The X-ray properties of the Parkes sample of flat-spectrum radio sources are summarized in Table 1 . For a detailed description of its contents we refer to the table notes. In columns (10) to (12) we give the spectral parameters as derived from the hardness ratios only, either from the RASS or (in some cases) from pointed observations. In column (13) we indicate if a detailed fit is available. The parameters derived from spectral fitting are given in Table 2 .
RESULTS

X-ray detection rates
163 sources (∼51 per cent) of the complete sample are detected in soft X-rays at the 3σ confidence level. For the remaining 160 objects the 2σ upper limits to the X-ray count Column (1) Object name. Objects in brackets do not belong to the complete sample. Column (2) Identification from plate according to Drinkwater et al. (1997) and Peterson (priv. com.) . 's' = stellar, 'g' = galaxy, 'f' = faint, 'X' = crowded field, 'D' = double galaxy, 'B' = BL Lac candidate, 'Q' = quasar, 'E' = elliptical galaxy. Column (3) Blue magnitude (B J ) according to Drinkwater et al. (1997) . Column (4) Redshift. Column (5) Radio flux density at 2.7 GHz in Jy. Column (6) Reference to the X-ray detection. 'S' = Survey, 'P' = pointed observation. Column (7) X-ray count rate in the ROSAT energy band (0.1-2.4 keV). In general the Survey count rate is given, except for the sources that are detected in pointed observations only. Upper limits are 90 per cent confidence. Column (8) Total 0.1-2.4 keV X-ray flux in units of 10 −12 erg cm −2 s −1 . Calculation was done assuming Galactic absorption only and the average X-ray photon index for radio-loud quasars (Γ = 2.0). The individual photon index for a source was used in the calculation whenever it was available and well determined (i.e., ∆Γ < 0.5). Column (9) Galactic N H value in 10 20 cm −2 (Dickey & Lockman 1990) . Column (10) X-ray photon index Γ gal . Errors are 1σ. For sources detected in pointed observations it was determined by an explicit fit of a power-law model to the data. For sources detected in the All-Sky Survey only it was computed using a hardness-ratio technique (Schartel 1996) . In both cases the Galactic N H value was assumed. Columns (11),(12) Results of the two parameter spectral fits. The fitted absorption (N H,free ) and the respective power-law index (Γ free ) are given. Column (13) An asterisk denotes the sources, which have spectral parameters available also from explicit fits to the data. The results of the fits are presented in Table 2 . rates were determined. If only the ROSAT All-Sky Survey data are considered the number of detections is reduced to 151 (∼47 per cent).
In this section we will discuss how the probability of a source to be detected in X-rays depends on various source parameters. Only the results from the RASS are used in this analysis in order to avoid any bias by the usually much longer observation times of the pointed ROSAT observations.
To begin with, we note that the distributions of detections and upper limits are not significantly different in terms of the RASS exposure. This is illustrated in Fig. 2 . The RASS exposures range from 65 sec. to about 730 sec with a median of 348 sec. A Kolmogorov-Smirnov (KS) test gives a probability of P = 0.996, i.e. the two distributions are practically identical.
However, as shown in Fig. 3 , the distribution of upper limits (hatched) is systematically shifted towards higher Galactic NH values. A KS-test gives P = 0.048, i.e. the hypothesis that the two distributions are the same can be rejected at a significance level of 4.8 per cent. A high value for the Galactic absorption certainly reduces the probability for a source to be detected in soft X-rays, but the influence is difficult to quantify. In any case, this effect is hardly the main reason for a source not to be detected in the RASS.
The detection rates for the various optical classifications are ∼47.0 per cent (110 out of 234) for quasars, 62.9 per cent (22 out of 35) for galaxies and 15.8 per cent (6 out of 38) for "faint" sources. 13 out of the 14 BL Lac objects in the sample are detected in the ROSAT All-Sky Survey. The only exception is PKS 2131-021, a bona fide BL Lac from the 1-Jy sample. It is only detected in a ∼8 ksec pointed observation. Both currently unidentified objects are not seen in the RASS. Fig. 4 shows the redshift distributions of the various object classes. In each panel the distribution of the total number of objects, i.e. detections plus upper limits, in the respective class is plotted as a solid line. The upper limits alone are represented by the hatched area.
226 quasars have known redshifts and the average redshift is z = 1.32. Obviously, the fraction of upper limits increases with redshift. The average redshift of the detected quasars is z = 1.08 compared to z = 1.55 for the nondetections. A KS-test confirms that the two distributions are different (P ≈ 1.2 × 10 −6 ). Not surprisingly, this suggests that the distance of the source is the main parameter influencing the X-ray detection probability. A similar trend holds for BL Lac objects, although the involved number is small. PKS 2131-021, the only non-detected BL Lac object happens to be at the highest redshift (z = 1.285). Note that the redshift reported by Drinkwater et al. (1997) is different from the (unconfirmed) value published previously (z = 0.557; Wills & Lynds 1978; Stickel et al. 1991) . No trend with redshift is visible for the galaxies and the optically 'faint' objects. Comparing the redshift distributions of the detected and the undetected objects, the KS-test gives P = 0.89 and P = 0.88 for galaxies and 'faint' objects, respectively. This indicates that properties intrinsic to the sources also influence the detection probability, like for example the optical or the radio luminosity. The statistical properties of the redshift distributions of all objects classes are summarized in Table 3 .
The 44 sources without known redshift do not affect our conclusion that distance is the main factor which determines the probability for X-ray detection. Only 8 out 234 quasars (∼3 per cent) have no redshift. Although 25 of the 38 'faint' sources have no redshift, the comparison of the detection rates for sources with and without redshift shows that these are identical.
X-ray positions
We compared the X-ray positions derived from the ROSAT All-Sky Survey data with the radio positions of the sample sources. Angular distances up to ∼75 arcsec are found, although the majority of the X-ray sources lies within 50 arcsec of the radio position, which corresponds to about 2.5σ of the average positional accuracy in the RASS (Voges 1992). The positional differences are mainly due to the X-ray observation, because the optical/radio positions from the flat-spectrum Parkes sample are known with arcsec ac- Column (1) Object class. Column (2) Number of objects with known redshift. Column (3) Average redshift of the total number of objects in the respective class. The value in brackets gives the median. Columns (4),(5) The same for detections and upper limits.
curacy (Drinkwater et al. 1997) . We are therefore confident that the X-ray sources detected are truly associated with the radio sources. There is one X-ray source at a distance of 164 arcsec from the radio position of 1509+022. This X-ray source is also included in the ROSAT Bright Source catalog (Voges et al. 1998) , which is based on the latest reprocess- Figure 5 . The ratio of the maximum and the minimum measured count rate for objects detected in both the RASS and pointed PSPC observations. For clarity, the most variable object (PKS 1514-241) is not shown in the diagram. It varied by more than a factor of 17 within the two observations (see text).
ing of the Survey data (RASS II). The position derived from these data corresponds to within 8 arcsec to the radio source position. We therefore keep 1509+022 as an X-ray detection, because the large positional difference is obviously due to an inaccurate attitude solution of the RASS I data.
Variability
37 sources were detected in the RASS and in one or more ROSAT PSPC pointings. We are therefore able to compare the X-ray count rates from these observations. Variability is parametrized by the ratio of the maximum and the minimum observed count rate. The distribution of this quantity is shown in Fig. 5 . For about 40 per cent of the sources the observed variations are below 40 per cent and can thus not be distinguished from statistical fluctuations. Only 4 sources (∼11 per cent) have varied by more than a factor of three (the quasars 3C 279 and PKS 1510-089 as well as the BL Lac objects PKS 1514-241 and PKS 1519-273). As already noted by Siebert et al. (1996) , the most extreme object is the BL Lac PKS 1514-241 (Ap Lib), which is clearly detected in the RASS, but not in a 2.8 ksec pointed PSPC observation. The upper limit from the latter observation implies that Ap Lib varied by more than a factor of 17 within 3 years. The distribution in Fig. 5 looks very similar to the corresponding distribution for the bulk of radio-loud quasars as for example described in Brinkmann et al. (1997a, see their fig. 2 ). Therefore, within the limits of small number statistics, the flat-spectrum Parkes radio sources do not seem to exhibit larger X-ray variability than 'ordinary' radio-loud quasars. Figure 6 . Result of the maximum-likelihood analysis of the distribution of X-ray spectral indices for quasars, galaxies and BL Lac objects (mean Γ and intrinsic dispersion σ) for both fixed Galactic N H (thick lines) and free N H (thin lines). The crosses correspond to the best-fitting parameters, whereas the contours represent the 90 per cent confidence ranges.
X-ray spectra
As described in Section 3.3, we determined the spectral parameters for an absorbed power-law model for more than one hundred sources of the sample either by explicitly fitting the model to the data or by applying the hardness ratio technique. In particular the latter method usually results in rather large uncertainties on the individual parameters and we therefore take a statistical approach to investigate the spectral properties of flat-spectrum radio sources.
We investigated the resulting photon index distributions for quasars, BL Lac objects and galaxies using a maximum-likelihood procedure (Maccacaro et al. 1988) , which gives an estimate of the mean and the intrinsic dispersion of a supposed parent distribution and which takes into account the errors on the individual data points. The results of this analysis are presented in Fig. 6 and in Table  4 .
The average photon index for the flat-spectrum quasars is Γ ≈ 1.95 +0.13 −0.12 for fixed Galactic NH and it remains the same, when absorption is considered as a free parameter. The soft X-ray spectra of flat-spectrum radio-loud quasars are thus flatter (∆Γ ∼ 0.25) than that of 'ordinary' radioloud quasars ( Γ ∼ 2.2; cf. Brinkmann et al. 1995; Brunner et al. 1992 ) with a similar redshift range. The latter point is important because of the well-known redshift dependence of the soft X-ray photon index (Schartel et al. 1996; Brinkmann et al. 1997a ), which will be discussed below.
If we only consider sources with z < 1 in the maximumlikelihood analysis, the average spectral index for fixed NH steepens to Γ ∼ 2.1 ± 0.1. This result is completely consistent with the results of Brinkmann et al. (1997a) for an inhomogeneous sample of flat-spectrum quasars with z < 1 Table 4 . Best-fitting parameters for the photon index distributions from a maximum-likelihood analysis. Column (1) Object class. Column (2) Number of objects used in the analysis with fixed Galactic N H . Columns (3),(4) Best-fitting mean Γ and width σ for the underlying parent population. Errors are 90 per cent confidence. Columns (5)- (7) The same as (1)- (3), but for the distributions resulting from the analysis with N H as a free parameter.
from the Véron-Véron catalog. We thus confirm that the Xray spectrum of flat-spectrum quasars is on average flatter than that of steep-spectrum quasars by ∆Γ ∼ 0.1 − 0.2. The non-zero dispersion σ of the photon index distribution for quasars indicates that the width of the distribution is not only due to statistical fluctuations, but that the distribution is intrinsically broadened. This is not surprising, since the measured photon index also depends on several other source parameters like for example redshift (see Fig.  7 ) and radio spectral index (see Fig. 8 ). The intrinsic dispersion of the distribution is significantly smaller for the fits with N H,free . This might either indicate that a simple absorbed power-law is not a valid description of the soft X-ray spectrum for a number of sources or that the spectra are altered by additional absorption. The latter idea will be discussed in detail in Section 5. Here we only note that the quasar with the flattest X-ray spectrum for fixed Galactic NH is PKS 0438-436 at z = 2.85 (Γ ≈ 0.7 ± 0.1). The fit, however, is statistically not acceptable (cf. Table 2 ). The free absorption result indicates additional absorption in the lineof-sight, which seems to be quite common for high redshift radio-loud quasars (Cappi et al. 1997; Elvis et al. 1994) .
The BL Lac objects contained in the sample have significantly steeper soft X-ray spectra than the other object classes ( Γ ≈ 2.4). The results are consistent for the one and the two parameter fits. All BL Lacs are radio-selected and, moreover, belong to the class of objects with low-energy cutoffs of the spectral energy distribution (Giommi & Padovani 1994) . Apart from one, all BL Lacs for which spectral information could be obtained are also included in the analysis of the 1-Jy BL Lac sample by Urry et al. (1996) . Our average photon index is steeper than that of the total 1-Jy sample ( Γ ∼ 2.2; Urry et al. 1996) , but still consistent within the errors.
Radio galaxies exhibit harder X-ray spectra on average compared to quasars and BL Lac objects. From the 17 galaxies with spectral information available we find Γ ≈ 1.7. The result is consistent with the average spectral indices for much larger samples of radio galaxies presented in Brinkmann et al. (1994) and Brinkmann et al. (1995) .
The dependence of the quasar soft X-ray photon index on redshift is shown in Fig. 7 for sources with welldetermined spectra, i.e. ∆Γ < 0.5. According to Schartel et al. (1996) , it is due to the fact that the ROSAT PSPC samples the X-ray spectrum at increasingly higher energies in the rest-frame of the source as the redshift increases. As a consequence, the steep soft X-ray component is shifted out of Figure 7 . The photon index Γ (for fixed Galactic N H ) as a function of redshift for sources with errors ∆Γ < 0.5. The straight line indicates the best-fitting regression result. Open circles represent sources with the photon index derived from hardness ratios, whereas filled circles denote objects with fits to data from pointed observations. the PSPC energy range and the generally flatter X-ray component at higher energies starts to dominate in the observed 0.1-2.4 keV range. This effect is also seen in the present sample of flat-spectrum quasars. A Spearman rank correlation test gives a probability of P = 0.0035 that the observed correlation occurs by chance. A weighted least squares regression analysis gives Γ = (2.33 ± 0.08) − (0.33 ± 0.06) × z. The result is perfectly consistent with the findings of Brinkmann et al. (1997a) for a much larger, but inhomogeneous sample of flat-spectrum quasars. Interestingly, the dependence on redshift is slightly steeper for flat-spectrum quasars than for steep-spectrum quasars (Γ = (2.29±0.08)−(0.19±0.11)×z. This may be interpreted in terms of an selection effect. In flux limited samples only the most luminous objects are included at any given redshift (Malmquist-bias). For flatspectrum radio samples this means that at higher redshifts one preferentially selects objects, where the spectral energy distribution is dominated by beamed emission from the ra- Figure 8 . The photon index Γ at fixed N H as a function of the radio spectral index α between 2.7 GHz and 5 GHz for sources with well-determined photon indices (∆Γ < 0.5). The straight line indicates the best-fitting regression result. Open circles represent sources with the photon index derived from the hardness ratios, whereas filled circles denote objects with fits to the data. dio jet. Therefore it is the combination of the intrinsically higher energies sampled with the PSPC observations and the increasing contribution of the flat X-ray component from the jet that produce a steeper gradient of the photon index with redshift compared to steep-spectrum quasars where the latter effect is less important.
As already mentioned, the photon indices of flatspectrum quasars are also correlated with the radio spectral index between 2.7 GHz and 5 GHz. This correlation is illustrated by Fig. 8 for quasars with well-determined photon indices (∆Γ < 0.5). The flatter or the more inverted the radio continuum is, the harder is the soft X-ray spectrum. The correlation holds for photon indices determined at fixed Galactic NH as well as for those determined with free absorption. A Spearman rank correlation analysis gives a probability of P = 0.040 that the observed correlation occurs by chance. A weighted least squares regression analysis gives Γ = (2.02 ± 0.05) − (0.50 ± 0.19) × α. We note that Brinkmann et al. (1997a) find no significant correlation of Γ with α for flat-spectrum quasars, which may be due to the fact that we constrain our analysis to objects with welldetermined photon indices (almost half of them from fits to data obtained in pointed PSPC observations).
Within the framework of orientation dependent unification scenarios for radio-loud AGN (Urry & Padovani 1995 and references therein), steep-and flat-spectrum radio sources are the increasingly aligned counterparts of FanaroffRiley type II radio galaxies (Fanaroff & Riley 1974) . Therefore the radio spectral index roughly indicates the orientation of the source with respect to the line of sight. In this model the observed correlation between X-ray and radio spectral index can be interpreted as being due to a beamed Figure 9 . Soft X-ray luminosity of quasars, BL Lac objects and galaxies as a function of the total 2.7 GHz (11 cm) radio luminosity. The results of the regression analysis including the upper limits are indicated by the dashed lines (cf. Table 5 ).
X-ray component with a harder spectrum, which is directly related to the radio emission from the radio core and which dominates the total X-ray emission at small angles to the line-of-sight.
Luminosity correlations
To investigate whether the emission at two different frequencies is intrinsically related, we seek for correlations in Column (1) Object class. Column (2) Type of correlation (independent -dependent variable). Column (3) Number of sources used. Column (4) Number of upper limits. Column (5) Kendall's τ correlation coefficient. Column (6) Probability that the observed correlation occurs by chance from intrinsically uncorrelated data according to a Kendall's τ test. Columns (7), (8) Parameters of the regression line y = a 0 + a 1 · x. Columns (9),(10) Same as (7) and (8), but only detected sources are taken into account. Column (11) Partial correlation coefficient, with redshift effects eliminated. Column (12) Significance of the partial correlation coefficient.
luminosity-luminosity diagrams. It is often stated that observed luminosity correlations are significantly affected by redshift effects, i.e. the correlation appears in absolute luminosities even for uncorrelated fluxes, because the (narrow) flux range is stretched out by a large distance factor. Feigelson & Berg (1983) invert this argument by pointing out that objects will not be detected in small flux ranges at two frequencies unless the luminosities are intrinsically related. Generally, the more distant objects will exhibit flux upper limits in one band if no relationship exists. If these upper limits are properly taken into account, intrinsic relationships can be recovered from luminosity-luminosity diagrams (Feigelson & Berg 1983) . We further note that intrinsic relationships cannot be determined from flux-flux diagrams anyway, unless the underlying relationship is linear (e.g. Kembhavi, Feigelson & Singh 1986 ). The radio, optical and X-ray luminosities of our sample were calculated assuming H0 = 50 km s −1 Mpc −1 and q0 = 0.5. For the K-correction we used in the radio band the radio spectral indices between 2.7 GHz and 5 GHz as given in Drinkwater et al. (1997) . For the X-ray luminosity the photon indices for Galactic absorption as derived in Section 3.3 were used if the error is smaller than 0.5. Otherwise the average values for quasars, galaxies and BL Lac objects were applied. The optical luminosity is corrected for Galactic reddening and K-corrected to 4400Å with a spectral index of α = −0.5.
Correlation and regression analyses were performed with ASURV (Rev.1.3; La Valley, Isobe & Feigelson 1992) , which is particularly designed for censored data. For the correlation analysis we applied the modified Kendall's τ and for the regression analysis we used the parametric EM algorithm from this software package. To investigate the influence of redshift on the correlations we performed a partial correlation analysis using the procedure described in Akritas & Siebert (1996) , which allows us to determine the partial correlation coefficient in the presence of upper limits and to calculate the significance of this corrected correlation coefficient. The results from this analysis are summarized in Table 5 . For completeness we give the parameters for both the Lo − Lx and the Lr − Lx correlation although we will discuss only the latter in detail.
In Fig. 9 we show the relation between radio and X-ray luminosity for quasars, galaxies and BL Lac objects. For all three object classes the X-ray and the radio luminosities are obviously correlated with each other. The slope of the regression line for quasars is a1 = 0.61 ± 0.08, which is consistent with the findings of Brinkmann et al. (1997a) for the inhomogeneous sample of X-ray detected flat-spectrum quasars from the Véron-Véron catalog. They find a1 = 0.72 ± 0.11 using orthogonal distance regression, which is superior to simple least squares methods for theoretical reasons, but which is unfortunately not available for censored data. We note that neglecting the upper limits only slightly affects the slope of the correlation. The partial correlation analysis confirms that the observed relation is not due to a common dependence of both luminosities on redshift. Although the probability for the observed correlation to occur by chance increases if redshift effects are taken into account, the correlation is still highly significant (P = 9.6 × 10 −7 ). Compared to quasars, the correlation between radio and X-ray luminosity seems to be steeper for galaxies and BL Lac objects. In the case of galaxies, the slope of the correlation is consistent with previous findings within the mutual uncertainties (Fabbiano et al. 1984; Brinkmann et al. 1995) . However, an interpretation of the relation between total radio and X-ray luminosity in terms of nuclear activity is hampered by contaminating X-ray emission from various galactic processes or surrounding clusters of galaxies in many of the radio galaxies. The spatial resolution in the ROSAT All-Sky Survey generally does not allow to isolate the AGN contribution to the total X-ray emission.
The slope of the regression line for the BL Lac objects is consistent with unity, which might argue for a direct physical relation between the radio and the X-ray emission. Since the radiation in both wavebands is thought to be dominated by the relativistic jet (e.g. Kollgaard 1994 ), this would not be surprising. However, the partial correlation analysis indicates that the correlation for BL Lac objects is strongly influenced by selection effects and is no longer significant, if redshift effects are taken into account. On the other hand we note that the number of objects is rather low. Therefore the results of statistical analyses have to be interpreted with caution.
IS THERE EVIDENCE FOR DUST REDDENED QUASARS?
Based on the large scatter in the BJ−K colors of the quasars in the present sample, Webster et al. (1995) claimed that there might be a large population of previously undetected, red quasars. They suggested that this reddening is due to dust intrinsic to the quasars. In this section we will investigate if there are any arguments from the X-ray data in support of this hypothesis. A discussion of the results will be presented in Section 6.
Dust extinction and expected X-ray absorption
If the optical reddening is due to dust, it is expected that the reddest quasars are also intrinsically absorbed in soft X-rays. Using Galactic gas-to-dust ratios (i.e. NHI+H 2 = 5.8 × 10 21 · EB−V cm −2 ; Bohlin, Savage & Drake 1978), the extinction coefficients R λ = A λ /EB−V from Seaton (1979) and the energy dependent X-ray absorption coefficients given by Morrison & McCammon (1983) , we can estimate the influence of the absorption by cold gas associated with the dust on the soft X-ray flux for a given observed extinction A B,obs . For example, A B,obs = 5 corresponds to an intrinsic NH of ∼ 7 × 10 21 cm −2 for local objects, which reduces the observed X-ray flux in the total 0.1-2.4 keV energy band by more than a factor of three. For redshifts of z ≈ 1.3, which is the average redshift of the present quasar sample, an observed optical extinction of A B,obs = 5 corresponds to a rest-frame NH of ∼ 3×10 21 cm −2 , which reduces the observed 0.1-2.4 keV flux still by a factor of ∼ 1.4.
We further note that the decrease of the observed optical (4400Å) flux by dust extinction, which is given by ≈ 10 −0.4·A B , generally is larger than the corresponding decrease of the soft X-ray flux caused by absorption by cold gas associated with the dust, in particular for higher redshifts. For example, an intrinsic extinction of AB = 2 at a redshift of z = 1 reduces the observed 4400Å flux by a factor of 50, whereas the observed 0.1-2.4 keV flux is only reduced by a factor of ≈ 1.3. This point is important in the discussion of the log(fx/fo) distribution in Section 5.5.
Detection probability
In a first step we compared the shape of the optical continuum for the detected quasars with those for the upper-limit sources. The result is shown in Fig. 10 for the total sample. The optical continuum is parametrized by the power-law slope αopt (fν ∝ ν α ), which is given in Francis et al. (in prep.) for 181 sources of the sample. They find a correlation between the optical slopes and the BJ − K colors. The optical slope can therefore be used to parametrize the redness of the optical continuum, which in turn is a measure of the amount of dust present in the source, if one follows the interpretation of Webster et al. (1995) .
The values of αopt show a large scatter and range from −4 to +1.5, but nevertheless the distributions for detections and upper limits look very similar. In particular, the upper limits do not cluster towards red optical continua. This is confirmed by a Kolmogorov-Smirnov test, which gives P = 0.83, i.e. if we reject the null-hypothesis that the two distributions are drawn from the same parent population, the error probability is 83 per cent. Confining the sample to low redshifts (z < 1.0), where the absorption effect on the X-ray flux should be most easily detectable, this probability is even higher (97.3 per cent). We therefore conclude that intrinsic absorption by gas/dust is not the main reason for a source not to be detected in soft X-rays and confirm our conclusion in Section 4.1 that distance is the most important parameter.
X-ray luminosities
As shown in Section 5.1, absorption by cold gas associated with the inferred amounts of dust can have a significant effect on the soft X-ray flux and hence the observed X-ray luminosity. In Fig. 11 we compare the soft X-ray luminosity distributions for 'stellar' sources with an optical continuum slope αopt > −1 (hatched) to those with αopt < −1 (thick line). For clarity, only the detected sources are shown. In the statistical analysis, however, we included the upper limits.
For low redshift sources the luminosity distributions are clearly different (upper panel). On average, the optically 'red' sources have X-ray luminosities which are a factor of 2-3 lower than those of their 'blue' counterparts. Using Gehan's generalized Wilcoxon test as implemented in ASURV, we get P = 0.0082, i.e. the probability for erroneously rejecting the null hypothesis that the distributions are the same is only 0.8 per cent. We further note that the redshift distributions of the low redshift 'red' and 'blue' subsamples are indistinguishable (P = 0.42). The effect almost completely disappears for sources at higher redshifts (z > 1; lower panel). The soft X-ray luminosity distributions for the two object classes are statistically indistinguishable (P = 0.69). Figure 11 . The soft X-ray luminosity distributions for detected sources with αopt > −1 (hatched) and αopt < −1 (thick line). In the upper panel only low redshift 'stellar' sources are considered (z < 0.6), whereas the high redshift sources (z > 1) are shown in the lower panel.
This kind of redshift dependence is the expected signature of intrinsic X-ray absorption by cold gas associated with the dust inferred from the observed optical reddening. In Section 5.1 we have shown that the effect of the deduced amount of cold gas on the soft X-ray flux decreases with redshift.
However, there might be selection effects at work, which could lead to a similar result. In particular, the low-redshift sources, although all of them appear stellar on the UKST and POSS I plates, might still be contaminated by galaxies or BL Lac objects. Galaxies and BL Lac objects are known to have redder optical continua and lower X-ray luminosities than quasars . We therefore checked databases, literature and our own optical data, if any of the low redshift 'red' sources actually have to be classified as a galaxy or a BL Lac object. First of all, no source shows a strong galaxy continuum in the spectrum as presented in Francis et al. (in prep.) . Only for three sources the identification seems questionable according to NED. The sources 1020-103 and 1034-293 are classified as BL Lacs. However, strong emission lines have been reported for these sources (Falomo, Scarpa & Bersanelli 1994; Falomo 1996) . These sources should therefore be considered as quasars instead of BL Lac objects. The third source, 0003-066, is listed as a radio galaxy and BL Lac candidate in NED, but Stickel et al. (1994) classify this source as a quasar based on several weak emission lines.
We conclude that the contamination of the low-redshift 'red' sources by low-luminosity galaxies and BL Lac objects cannot explain the observed difference in the soft X-ray flux distributions. 
Soft X-ray spectra
Next we investigate if the influence of dust associated absorption can be seen in the soft X-ray spectra of the sources directly. If excess absorption exists, it should lead to a substantially higher value of NH than the Galactic one in the two parameter fits. Again, the effect should be strongest at low redshifts, since the required amounts of intrinsic NH to produce an observed extinction of AB may be too low to be significantly detected in high redshift sources. In Fig. 12 we show the distribution of the difference ∆NH = N H,free − N H,gal between the derived NH and the Galactic NH value for the quasars in the sample. There seems to be an asymmetry towards positive ∆NH values. However, a more detailed analysis shows that most of the high ∆NH values come from spectral parameters derived from hardness-ratios and the error bars are very large. In addition, it is known that the hardness ratio technique leads to systematically higher NH values for weak sources (Yuan et al. 1998) . The weighted average of the ∆NH distribution is ∆NH = (−0.22 ± 0.68) × 10 20 cm −2 , which indicates that excess absorption is not a general feature. In particular, the sources with very red optical continua, show no evidence for systematically higher absorption in soft X-rays.
Only six sources show significantly higher observed N H,free compared to the Galactic NH value (0438−436, 1148 −001, 1402+044, 2126 −158, 2223 −052, 2351 . All of them have high redshifts between 1.40 < z < 3.27. A detailed analysis of the excess X-ray absorption has already been published for 0438−436 (Cappi et al. 1997 ), 2126 −158 (Elvis et al. 1994 ) and 2351−154 (Schartel et al. 1997) . The required amounts of intrinsic NH range from 1.7 × 10 21 to 1.2 × 10 22 for these sources. If we again assume Galactic gas-to-dust ratios, the associated dust extinction in the (observed) B-band would be much higher than the maximum value (≈ 5 mag) observed by Webster et al. (1995) . For three of these sources (1402+044, 2126-158, 2351-154) optical continuum slopes are available and they do not indicate a particularly red continuum (αopt = -1.438, -0.588 and -0.297, respectively). Several explanations for this contradictory result are conceivable and they are briefly discussed in Section 6.
log(fx/fo) distribution
It has been argued by Webster et al. (1995) that the large dispersion in the X-ray to optical flux ratios for X-ray selected quasars found by Stocke et al. (1991) is indicative of variable dust extinction. This has been criticized by Boyle & di Matteo (1995) , who show that the observed scatter of the X-ray to optical flux ratio in their sample of X-ray selected quasars is much smaller than expected if variable extinction is important ‡ .
In Fig. 13 we show the flux ratio log (fx/fo) as a function of redshift z for the present sample. fx is the monochromatic X-ray flux at 1 keV in erg cm −2 s −1 Hz −1 , which is derived from the flux in the total ROSAT energy band assuming the average spectral parameters derived in Section 4.4. fo is the observed flux at 4400Å, calculated from the BJ magnitude and corrected for Galactic reddening according to the formula (Giommi, Ansari & Micol 1995) 
where bII is the Galactic latitude of the source. In the lower right corner of Fig. 13 we show a conservatively calculated error bar, assuming a 25 per cent error of the X-ray flux and an uncertainty of the optical magnitudes of ∆m = 0.5 (Drinkwater et al. 1997) . Since the optical and the X-ray data were not taken simultaneously, we also included the expected B-band variability of σ(B) = 0.3 mag for a typical quasar of our sample and the rest-frame ∼ 20 year baseline between the optical and the X-ray measurements (Hook et al. 1994) .
A decrease of log (fx/fo) with redshift up to z ∼ 2.5 is apparent from Fig. 13 and it turns out to be highly significant using Spearman's ρ correlation test as implemented in ASURV (ρsp = −0.40 for 204 data points). However, this trend is mainly caused by the different spectral indices at optical and X-ray energies, which causes a spurious correlation of the form log(fx/fo) ∝ (1 + z) −αx+αo . Indeed, using ASURV to determine the best regression line, we get log(fx/fo) = (−3.26 ± 0.12) − (0.53 ± 0.10) × z, if we only consider objects with z < 2.5. The slope is roughly consistent with the difference in the average spectral indices in the X-ray and the optical regime.
Interestingly, the trend with redshift seems to be inverted at redshifts greater than ∼2.5, which is mainly mimicked by a deficit of high redshift sources with low log(fx/fo) values § . ‡ The authors base their analysis on the absorption coefficients in the optical and X-ray band, thereby neglecting the different column densities of absorbing material in the two wavebands, i.e. dust in the optical and neutral gas in X-rays. The difference is important, in particular at low redshifts (cf. Section 5.1) § Note that the quasar with the highest upper limit on log(fx/fo) Figure 13 . The flux ratio log (fx/fo) as a function of redshift z for quasars. Open circles plus arrows indicate X-ray upper limits. The solid line represents the best regression line for the whole sample including the upper limits, whereas the dashed line is for z < 2.5 objects only. The vertical dotted line is drawn at z = 2.5 for illustrative purposes. In the lower right corner we show a conservatively estimated typical error bar.
Most likely, various effects combine to result in an apparent deficit of sources with low values of log(fx/fo) at higher redshifts. Firstly, the X-ray emission could be enhanced, for example by relativistic beaming. This hypothesis is supported by the generally very flat or inverted radio spectra of these objects and their high core dominance. Basically this is a selection effect of the radio sample. At high redshifts only the most powerful (and hence probably beamed) objects make it into the flux limited sample. Further, the optical flux may be reduced, because the Lyα-edge shifts into the B-band for z > 2.5. Finally we note that a positive correlation is also expected in the case of dust extinction, because the effect of dust on the optical continuum of high redshift sources is much stronger than that of the associated neutral gas on the X-ray emission (cf. Section 5.1). Some of these high redshift objects do show significant intrinsic absorption in X-rays (see previous section) and they are optically dull with BJ > 21 mag. Therefore it cannot be excluded that their high X-ray-to-optical flux ratios are at least in part due to dust extinction.
Analogous to Boyle & di Matteo (1995) we investigate the dispersion in the distribution of the flux ratio log (fx/fo), which can be used to at least derive upper limits on the amount of dust obscuration. As has been shown in Section 5.1, the effect of intrinsic gas and dust on the observed optical flux is much stronger than on the X-ray flux, in particular (PKS 2215+02, z = 3.572) has been detected in a recent pointed ROSAT HRI observation . The deduced X-ray flux is only slightly below the quoted upper limit from the RASS. at higher redshifts. To first order, the observed spread in log (fx/fo) might therefore be almost completely attributed to variations in fo due to dust extinction.
If we apply the Detections-and-Bounds (DB) method of Avni et al. (1980) in order to properly account for upper limits, we get log(fx/fo) = −3.87 and σ[log(fx/fo)] = 0.70, which is significantly larger than the Boyle & di Matteo value (σ ∼ 0.4). The derived ±1σ width of the log(fx/fo) distribution corresponds to a variation in fx/fo by a factor of ∼ 25. Assuming that all of the scattering is due to dust extinction (and thus neglecting other effects like X-ray variability, measurements errors etc.), this gives an upper limit to the amount of reddening in the observed B band of < 3.5 mag. This is slightly below the maximum values claimed by Webster et al. (1995) , but since the estimate is based on the FWHM of the log(fx/fo) distribution, the observed maximum value of AB = 5 might still be consistent with the observed scatter.
Clearly, the observed scatter in log(fx/fo) for the Parkes quasars cannot be regarded as clear evidence for the presence of dust. We may conclude, however, that it also does not rule out the dust extinction hypothesis, as it has been claimed from the corresponding analysis of X-ray and optically selected samples, which exhibited a much smaller scatter in log(fx/fo) (Boyle & di Matteo 1995) .
DISCUSSION
One of the main aims of this study was to look for any evidence from the X-ray data in favor of or against the hypothesis of Webster et al. (1995) that the observed red continua of many of the Parkes flat-spectrum quasars are due to dust extinction. Our results can be summarized as follows.
First of all, none of the observed X-ray properties is in contradiction to the dust hypothesis. On the other hand, it is also difficult to prove the presence of dust from the X-ray data, because the argument is always an indirect one.
The strongest indication for dust comes from the significantly lower X-ray luminosities of the low-redshift 'stellar' objects with red optical continua as compared to their blue counterparts. The difference vanishes for higher redshifts. This is expected, if neutral gas associated with the dust is responsible for the soft X-ray absorption and the corresponding reduction of the X-ray flux, because, for high redshifts, the X-ray observation samples increasingly higher energies in the rest-frame spectrum of the source and the column density of neutral gas associated with the dust inferred from optical reddening is too low to significantly affect the X-ray flux at these relatively high rest-frame energies. Therefore no difference in the luminosity distributions for red and blue objects is measurable any more. For the low redshift sources, the observed difference in the average Xray luminosity is about a factor of two, which is consistent with the optical data. We have further shown that the observed luminosity difference is not due to a contamination of the 'stellar' sources of our sample with low luminosity 'red' sources like BL Lac objects or radio galaxies. We conclude that dust associated absorption represents a viable explanation for the observed effect.
In view of this result it seems surprising that we do not find any difference in the X-ray detection probability for the red and the blue stellar objects. Since the observed X-ray flux should be reduced by absorption for the reddened sources, it would have been expected that also the fraction of upper limits is higher among these sources. As it is shown in Section 5.2, this is obviously not the case. However, in Section 4.1 we concluded that distance is the most important factor, which determines the detection probability in soft X-rays and the absorption effect as discussed above is not strong enough in order to dominate over distance. Indeed, for a given intrinsic luminosity and reasonable amounts of cold gas, the observed soft X-ray flux is at most reduced by a factor of three due to absorption, whereas it declines already by a factor of ∼3.5, when the source is shifted from z = 0.1 to z = 0.2.
Since many of the spectral parameters were determined from the hardness ratios, which usually results in relatively large uncertainties, it is impossible to derive any stringent constraints on the amount of dust associated absorption from the X-ray spectra of the Parkes quasars. We find only six objects with a significant ∆NH = N H,free − N H,gal > 0, however, all of them at high redshift. Thus, the implied amounts of dust (again assuming Galactic gas-to-dust ratios) would be much higher than observed in the optical spectra. This apparent discrepancy has already been noted previously (e.g. Elvis et al. 1994 ) and several solutions have been proposed. First of all, all estimations of the expected amount of X-ray absorption (or optical reddening) are based on the assumption of Galactic gas-to-dust ratios and it is not at all sure, whether this assumption is still valid at high redshifts. Indeed, Pei, Fall & Bechtold (1991) show that the gas-to-dust ratio is at least ten times higher in damped Lyα systems. Therefore a high neutral gas column must not necessarily imply a correspondingly large dust column and therefore significant X-ray absorption must not be accompanied by a large optical extinction. Similarly, the metal abundances could be reduced at large redshifts, which also is indicated by the properties of damped Lyα systems (e.g. Meyer & Roth 1990; Turnshek et al. 1989) .
Finally, also the observed large scatter in the log(fx/fo) distribution does not allow to draw any firm conclusions about the amount of dust present in radio-loud quasars. In particular, the observed deficit of high redshift sources with low log(fx/fo) ratios is most likely not due to dust extinction, because the optical continua of the high redshift sources are not particularly red. We note, however, that large observed scatter is also not inconsistent with the dust hypothesis as it was claimed previously based on the analysis of optically and X-ray selected samples.
One explanation for the limited evidence for dust associated absorption in the X-ray data could be that the large spread in the BJ−K colors reported by Webster et al. (1995) is not due to dust. Many alternative suggestions have been made to explain the observed BJ − K values, such as an intrinsically red optical continuum, a host galaxy contribution (Benn et al. 1998) or relativistic beaming (Srianand & Kembhavi 1997) . It is beyond the scope of this paper to discuss the possible origins of the observed BJ − K colors. This will be done in a future paper (Francis et al., in prep) . Here we only note that detailed investigations of the optical spectra of many of the red sources show that an intrinsic origin for the red colors gives the best fit to the spectra of around half of the red sources, but the remainder, including many of the reddest sources do show signs of dust reddening (Francis et al., in prep.) . A similar result has been reported by Puchnarewicz & Mason (1998) , who find evidence for reddening by dust among those RIXOS AGN with very red optical continua.
If one accepts the dust hypothesis, then why doesn't the neutral gas associated with the dust show up more clearly in the soft X-ray regime? Various explanations are conceivable. First of all, it has already been noted that all estimations are based on the assumption that the gas-to-dust ratio in all quasars is the same as that in our Galaxy. If the gasto-dust ratio is lower, the observed dust extinction is not accompanied by a large neutral gas column and the corresponding X-ray absorption might not be measurable given the limited sensitivity of the presented data. Secondly, the ionization state of the gas associated with the dust is unknown. If the gas is ionized, its X-ray opacity is reduced and it would therefore allow for larger amounts of dust without strongly affecting the soft X-ray emission. So-called 'dusty warm absorbers' have recently been claimed to exist in a couple of sources, e.g. IRAS 1334+2438 (Brandt et al. 1996) and NGC 3786 . Clearly, the quality of the available X-ray spectra of the sources presented in this paper is not sufficient to constrain the ionization state of the absorbing gas.
High quality X-ray spectra are needed to directly quantify the amount dust probably present in optically red quasars by measuring the carbon absorption edge at ∼ 0.3 keV. These are currently not available, but future X-ray missions like XMM and AXAF, which combine a large effective area with high energy resolution down 0.2 keV, should be able to provide the necessary data.
CONCLUSIONS
Using ROSAT All-Sky Survey data and pointed PSPC observations we determined the X-ray properties of all 323 objects from the Parkes sample of flat-spectrum radio sources as defined in Drinkwater et al. (1997) . The results are as follows:
(i) 163 sources were detected at the 3σ level. For the remaining 160 sources 2σ upper limits to the soft X-ray flux were determined.
(ii) Using a hardness ratio technique and explicit fits to the data we determined the soft X-ray spectra of 115 sources. The average power-law photon index for flat-spectrum quasars is Γ = 1.95 ± 0.13, slightly flatter (∆Γ ∼ 0.2) than for 'ordinary' radio-loud quasars. The average photon index for BL Lac objects is Γ = 2.40 +0.12 −0.31 , whereas radio galaxies generally display harder soft X-ray spectra ( Γ = 1.70 ± 0.23).
(iii) We confirm the inverse correlation of the spectral index with redshift for radio-loud quasars. We also find a significant inverse correlation of the photon index with the radio spectral index between 2.7 GHz and 5 GHz, which is in accord with current orientation dependent unification schemes for radio-loud AGN.
(iv) Correlations of X-ray with total radio luminosity were found for quasars, galaxies and BL Lac objects. Partial correlation analyses indicate that a redshift effect is negligible for quasars and galaxies, whereas it might influence the correlation for BL Lacs.
The question, whether intrinsic dust is the origin of the observed red optical continua of many of the quasars of the sample, cannot be unambiguously answered on the basis of the presented X-ray properties. Nevertheless, it is tempting to interpret the redshift dependence of the difference in the observed X-ray luminosities for optically red and blue sources in terms of dust associated absorption. However, firm conclusion on the basis of current X-ray data are hampered by the fact that all arguments rely on implicit assumptions, which may not be valid in general, such as Galactic gas-to-dust ratios in quasars and a low ionization state of the X-ray absorbing gas associated with dust.
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